I.. Introduction {#sec1}
================

Malignancies of the liver may arise primarily as hepatocellular carcinoma (HCC) and intrahepatic cholangiocarcinoma, or secondarily as metastases from other primary sites including breast, lung, pancreas, or colorectal cancers. It is not a rare disease: HCC is the sixth most common cancer worldwide, and synchronous liver metastases are found in approximately 14.5% of colorectal cancer cases, which itself is the third most common cancer worldwide [@ref1], [@ref2]. Although surgery is the treatment of choice in suitable candidates, a significant proportion of liver malignancies are unresectable due to tumor extent, location, or poor hepatic reserve. Existing loco-regional therapies for unresectable disease include invasive radiofrequency or microwave ablation, as well as transcatheter arterial chemoembolization. Though effective at controlling tumor growth, if not reducing tumor burden, these therapies are not typically curative and disease recurrence is common. Over the last few decades, non-invasive radiofrequency hyperthermia (NiRFH) has been proposed to augment loco-regional therapies to improve response rate and increase survival, although certain technical challenges have limited its adoption into routine clinical practice [@ref3].

NiRFH as an oncologic treatment involves non-invasively increasing tumor temperature to the range of 39-45°C to enhance susceptibility to cytotoxic agents and/or ionizing radiation therapy, in contrast to invasive radiofrequency (RF) ablation in which temperatures of 60°C or greater are achieved to cause coagulative tissue necrosis. Hyperthermia is thought to potentiate chemotherapeutics at the cellular level by altering the structure of cytosolic and nuclear proteins, as well as by inhibiting DNA repair mechanisms [@ref3], [@ref4]. Treatment with 40-42°C mild hyperthermia has also been shown to increase tumor oxygenation and blood flow, which may lead to greater accumulation of chemotherapeutics within tumors and heightened tumor susceptibility to radiation due to increased production of reactive oxygen species [@ref5], [@ref6]. Additionally, whereas certain modalities of delivering hyperthermia such as microwave, ultrasound, and infrared have limited penetration depths, RF energy is uniquely capable of penetrating into deep tissues within the human body.

Clinical trials involving the use of NiRFH, usually as adjunctive therapy to ionizing radiation and/or cytotoxic chemotherapy, have been performed and reported in a variety of malignancies including cancers of the central nervous system, head and neck, lung, breast, esophagus, rectum, cervix, bladder, soft tissue sarcomas, and skin [@ref7], [@ref8]. However, NiRFH has not been systematically evaluated to treat malignancies of the liver. Difficulties in heating efficacy and issues with skin burns have been reported, demonstrating that challenges in applying NiRFH successfully and reproducibly to the liver are a valid concern [@ref9]--[@ref10][@ref11][@ref12][@ref13][@ref14][@ref15][@ref16].

The purpose of this study was to investigate the safety and heating efficacy of repeated RF field treatments to the liver in a physiologically relevant swine model using the Kanzius non-invasive radiofrequency hyperthermia system (KNiRFH), which operates at 13.56 MHz, a harmonic of the industrial-scientific-medical (ISM) designated bands. Experimental findings regarding heating efficacy were then correlated with a model of tissue heating in electromagnetic fields based on specific absorption rate (SAR) of different organs and tissues. The KNiRFH system has been used over the last decade to investigate localized and targeted heating of hepatocellular, pancreatic and breast cancer models using nanomaterials such as gold nanoparticles, [@ref17]--[@ref18][@ref19][@ref20] quantum dots, [@ref21] and single-walled carbon nanotubes [@ref22], [@ref23] However, a thorough and comprehensive evaluation of the safety and efficacy of this system as a stand-alone unit in a clinically relevant animal species has yet to be done and sets the premise of the work contained herein.

II.. Methods and Materials {#sec2}
==========================

The experiment was performed in two series. All experiments were performed in swine with non-tumor-bearing normal livers. The first series was centered on evaluating safety/toxicity of repeated RF exposure in two pigs over six weeks. The second series was focused on determining heating efficacy of RF treatment in the livers of eight pigs under single exposure conditions.

A.. First Series {#sec2a}
----------------

### 1). Animal Model {#sec2a1}

Two female Yucatan miniature swine (Sinclair Bioresources; Auxvasse, MO) were housed and raised according to Baylor College of Medicine Institutional Animal Care and Use Committee (IACUC) guidelines. All experimental procedures were done in accordance with the Baylor College of Medicine Institutional Animal Care and Use Committee's (IACUC) approval of protocol \#AN6460. No special diet was given. At the time of experimental treatment, the pigs were 12 months of age and weighed 62--70 kg.

### 2). Experimental Setup First Series {#sec2a2}

For each of the two pigs, KNiRFH treatments were delivered three times a week for five weeks and twice more on the sixth week for a total of seventeen treatments. Repeated exposures of this duration and frequency aims to mimic treatment schedules that would be anticipated for human use of a clinically adopted KNiRFH device, based off of previous reports of similar NiRFH devices [@ref9]--[@ref10][@ref11][@ref12][@ref13][@ref14][@ref15][@ref16]. For each treatment, general anesthesia was induced with intramuscular injection of telazol (4.4 mg/kg) and xylazine (2.2 mg/kg). Anesthesia was maintained with inhaled 1--3% isoflurane with supplemental O~2~. The pigs were placed in the supine to left lateral decubitus position on a non-conductive polytetrafluoroethylene table. The transcutaneous ultrasound-confirmed anatomic location of the liver was centered between the transmitting and receiving heads of the KNiRFH device. A total of four return electrode gel pads were placed bilaterally onto each shoulder and rump to ground the animals in the high intensity electrical field to prevent potentially injurious electrical arcing ([Figure 1](#fig1){ref-type="fig"}). Figure 1.Experimental RF treatment setup depicting pig positioning upon a Teflon table between the transmitting (Tx) and receiving (Rx) heads of the KNiRFH device and placement of grounding pads.

Temperature was measured with fiber optic probes (TF4; Photon Control, Burnaby, Canada) that were placed into the dermis and subcutaneous tissue overlying the liver for every treatment. These probes have been verified to be thermally and electrically inert under RF exposure at relevant output power. For selected treatments, two fiber optic probes were placed into the liver parenchyma via 14--16 gauge angiocatheters under ultrasound guidance. Liver probe placement was performed on average once a week to prevent excessive needle/catheter liver injury from repeated probe placements. Skin temperature was further monitored during KNiRFH treatment for potential cutaneous "hot spots" with a tripod mounted infrared camera (FLIR-T62101; FLIR Systems, Inc., Boston, MA).

### 3). KNiRFH Treatment {#sec2a3}

Treatments were delivered via the KNiRFH system (Therm Med, LLC, Erie, PA) that operates at a frequency of 13.56 MHz ([Figure 1](#fig1){ref-type="fig"}). A full system schematic can be found in the literature [@ref24]. The transmitting head of the device was brought to a variable height of 3--6 cm (adjusted to minimize reflected power) from the nearest skin surface of the pig. With concurrent temperature monitoring, treatment began at 100--200 W of power followed by incremental ramp ups in device power to obtain a target liver tissue temperature of 43°C. Device power did not exceed 1200 W. Once target temperature was reached, external air convection cooling was utilized to reduce and control dermal and subcutaneous tissue temperature. Once the target temperature of 43°C was reached, or if any other tissue (i.e. dermis or subcutaneous tissue) reached 45°C or greater, RF device power was decreased to maintain steady-state for a treatment time of twenty minutes. At the conclusion of each treatment, the pigs were closely monitored until full recovery.

### 4). Imaging and Blood Analysis {#sec2a4}

Magnetic resonance imaging (Magnetom Trio 3T; Siemens, Erlangen, Germany) of the upper abdomen was performed before and after the six week series of treatment to evaluate the effect of repeated KNiRFH treatment on normal liver parenchyma. Non-contrast images were acquired using T1 VIBE and T2 HASTE sequences. Arterial, portal venous, and delayed (5 minute) phase contrast images were obtained under T1 VIBE sequence with gadoteridol (ProHance 0.1 mmol/kg; Bracco Diagnostic Inc., Milan, Italy) before and after KNiRFH.

Whole blood was sampled from ear veins once weekly prior to, during, and at the conclusion of the six weeks of KNiRFH treatment. Further samples were drawn immediately after treatments to assess for possible acute changes. Samples were analyzed for complete blood count (CBC) with differentiation and a complete metabolic panel including serum electrolytes, creatinine, blood urea nitrogen (BUN), aspartate transaminase (AST), alanine transaminase (ALT), alkaline phosphatase (ALP), gamma-glutamyl transpeptidase (GGT), direct and indirect bilirubin, creatine kinase (CK), and lactate dehydrogenase (LDH).

### 5). Statistical Methods {#sec2a5}

Statistical analysis was performed on Prism 6 (GraphPad Software, Inc., La Jolla, CA). Comparison of blood/serum values before and after RF treatment was performed with paired two-tailed t-test. Linear regression was used to analyze blood/serum trends over time. A p-value of less than 0.05 was selected to determine statistical significance.

B.. Second Series {#sec2b}
-----------------

### 1). Experimental Setup Second Series {#sec2b1}

Eight Yucatan female miniature swine were 6--12 months of age, weighed 37--50 kg, and were housed and maintained in a similar manner as the first series. In contrast to the first series, fiber optic temperature probes were placed under direct visualization into the liver via open abdominal surgery. For this surgical procedure, a midline laparotomy under general anesthesia was performed to gain access to the abdominal cavity, and subsequently the abdominal incision was closed with sutures after the probes were positioned and secured. KNiRFH treatment parameters were identical as in the first series with the exception that these were single treatment exposures.

### 2). Tissue Permittivity Analysis {#sec2b2}

After KNiRFH treatment but prior to euthanasia, pigs in the second series underwent *in-vivo* tissue permittivity measurements (Agilent 85070E \[coaxial probe\] and Agilent E4991A \[impedance analyzer\], Agilent Technologies, Santa Clara, CA) via the abdominal incision. The probe, which measures both real and imaginary permittivity in the 10 MHz to 3 GHz frequency range, was calibrated according to manufacturer specifications and brought into direct contact with tissue for measurement. Tissue measurements of subcutaneous fat, liver, stomach, spleen, small intestine, pancreas, and kidney were performed in this manner.

III.. Results {#sec3}
=============

A.. KNiRFH Treatment and Heating Efficacy {#sec3a}
-----------------------------------------

The KNiRFH treatments were well tolerated by the pigs in series 1 and no external signs of injury or behavioral changes were observed during the six weeks of treatment. A sample heating plot of the first series is shown in [Figure 2A](#fig2){ref-type="fig"}. Regarding hyperthermia of the liver, the rates of achieving ≥40°C, ≥41°C, or ≥42°C in one or more liver probes for a given treatment session were 61%, 50%, and 39%, respectively. External cooling was effective at controlling dermal and, to a lesser extent, subcutaneous tissue temperatures. Despite external cooling, subcutaneous overheating limited further attempts to achieve liver heating in 50% of the cases in which liver temperature did not exceed 40°C, with the remaining cases demonstrating no substantial heating in any of the tissues measured (dermis, subcutaneous fat, and liver).

There was some discordance in temperature measurements between the two liver probes. In analyzing the subgroup of treatments in which one or more liver probes achieved ≥40°C, ≥41°C, or ≥42°C, the percentage of treatments in which the two probes showed a temperature difference of greater than 2°C was 55%, 56%, and 71%, respectively. In the second series in which the temperature probes were placed surgically, liver temperature did not exceed 38.5°C in all eight of the pigs treated. A sample plot is shown in [Figure 2B](#fig2){ref-type="fig"}. Figure 2.Representative temperature-time plot of KNiRFH of measured tissues in the first (A) and second (B) series. Device power is plotted on the secondary axis. Black arrow designates initiation of air convection cooling.

B.. Blood/Serum {#sec3b}
---------------

KNiRFH treatment did not result in a significant change in white blood cell (WBC) acutely (p=0.26, Supplementary Information [Fig 1](#fig1){ref-type="fig"}.) or longitudinally over six weeks (p=0.41 and 0.10, Supplementary Information [Fig 2](#fig2){ref-type="fig"}.). Platelet count did not significantly change from baseline and remained in the range of 550-$\documentclass[12pt]{minimal}
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\end{document}$. Hemoglobin decreased both acutely (p=0.02 Supplementary Information [Fig 3](#fig3){ref-type="fig"}.) and over time (p=0.045 and 0.10, [Figure 3](#fig3){ref-type="fig"}) by an average of 11.5% and 11.0%, respectively. Figure 3.Change in hemoglobin over six weeks of KNiRFH (p=0.045 and 0.10 for pigs 1 and 2 respectively).

Liver enzymes aspartate and alanine transaminases (AST and ALT, respectively) remained within normal physiologic levels (\<50 U/L) with no significant elevation (p\>0.11, Supplementary Information [Fig 4](#fig4){ref-type="fig"}.) at any time during or after the 6 weeks of KNiRFH field treatment. KNiRFH treatment did not impact serum electrolytes (Na, K, Cl, CO2, Ca, Mg, Phosp), BUN, creatinine, total bilirubin, or GGT. Mild, transient elevations in CK and LDH were observed but were not clinically noteworthy. Figure 4.MR images (T2 HASTE with contrast, arterial phase) of liver prior (A-B) and after (C-D) RF treatment.

C.. Magnetic Resonance Imaging {#sec3c}
------------------------------

Non-contrast T1 VIBE and T2 HASTE and triple-phase T1 VIBE contrast images were interpreted by a licensed radiologist. Comparison between images prior to and after the total of 17 RF treatments revealed no evidence of liver or surrounding organ injury ([Figure 4](#fig4){ref-type="fig"}). No significant differences in hepatic parenchyma density or characteristics and associated vasculature/ducts were identified.

D.. Tissue Permittivity {#sec3d}
-----------------------
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\end{document}$ is the permittivity of free space. Figure 5.Relative SAR for subcutaneous fat and liver from 10 MHz to 3 GHz. Dotted line indicates 13.56 MHz.

Because the internal electric field and hence SAR are geometry-dependent, a geometry must be defined before tissue SAR can be compared. In the simplified approximation of infinite tissue planes of subcutaneous fat and liver exposed to a capacitive RF device (Supplementary Information Fig 7.) boundary conditions at the material interfaces leads to the equalities [@ref26]:$$\documentclass[12pt]{minimal}
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\end{document}$ g/mL [@ref27], relative SAR for subcutaneous fat and liver was obtained ([Figure 5](#fig5){ref-type="fig"}). Throughout the frequency spectrum measured, the SAR for subcutaneous fat was 5.8 to 7.3-fold greater than that of liver.

IV.. Discussion and Conclusions {#sec4}
===============================

NiRFH as an oncologic treatment modality has garnered research interest and enthusiasm. Clinical use of NiRFH has been primarily focused on select cancers, i.e. breast, cervix, rectum, bladder, esophagus, and soft tissue sarcomas. Notably, tumors in these locations are either superficially located or arise within natural orifices and, therefore, RF applicators can be placed in close proximity to these tumors for effective heating. NiRFH in the liver and other intra-abdominal or retroperitoneal organs is ostensibly less well studied due to the difficulty associated with predictably and reliably heating these regions. It is known that deep heating can be limited due to overheating of subcutaneous fat, particularly with capacitively-coupled RF devices, which is somewhat ameliorated by aggressive surface cooling with water boluses. Moreover, invasive thermometry of intra-abdominal organs poses a greater risk of injury to surrounding structures compared to superficial or intra-cavitary (i.e. within the rectum or cervix) temperature probes. Our current experiments sought to determine if these challenges were surmountable to achieve reliable therapeutic hyperthermia of the liver with our KNiRFH field device operating at 13.56 MHz. This ISM-approved frequency is commonly used for medical hyperthermia devices because 13.56 MHz and other selected harmonic frequencies do not infringe on communication hardware such as cell phones, satellites, and wireless transmission systems.

Results showed that repeated treatment with our KNiRFH system produced no detectable toxicity or tissue injury. In our pigs, there was no evidence of abnormalities based on behavioral, external visible, metabolic/physiologic (based on serum electrolytes, liver function tests, and renal function), or radiologic (based on MRI) analysis. White blood cell and platelet counts remained within normal range throughout the treatment duration. The only statistically significant change was a decrease in hemoglobin from an average of 10.9 to 8.7 mg/dL ([Figure 3](#fig3){ref-type="fig"}). This decrease did not result in clinically apparent problems for the animals, and no treatment was needed. Importantly, the etiology of hemoglobin decrease may not be due specifically to RF treatment; repeated blood draws, bleeding from the liver surface after thermal probe placement, and exposure to anesthetics are other possible reasons for the anemia [@ref28], [@ref29].

That no skin burns or fat necrosis occurred during this study is noteworthy as it is a commonly reported complication in prior clinical trials ([Table 1](#table1){ref-type="table"}). We avoided skin burns or subcutaneous fat necrosis by fastidiously and uniformly applying skin cooling techniques: air convection prevents surface moisture that can be a locus for hot spots from developing or accumulating, as compared to water boluses in RF devices applied directly to the skin that promote moisture accumulation. Pigs are also less disposed to sweating than humans. Moreover, judicious monitoring of the subcutaneous fat overlying the liver and adjusting RF device power such that the subcutaneous fat did not exceed 45°C also limits the occurrence of fat necrosis from overheating. These results suggest that KNiRFH treatment when performed with proper temperature monitoring and treatment parameters can be delivered safely. However, extraordinary measures are required to overcome the biophysical problem of adipose tissue overheating caused by the high specific absorption rate (SAR) of fatty tissue when shortwave RF energy is applied. TABLE 1Overview of Previous NiRFH Systems and Associated ParametersAuthorYear\#Pat\#TMLTTRF DeviceFreq (MHz)Power (W)S-coolTT (mins)MTherHeating SuccessMoffat et al.^9,27^1983, 198517838METIIMS-100 Capacitive13.5665--360NR60--230TC/FO100% \< 40°CPetrovich et al.^13^19894949METBSD-1000 Phased array55780NR45--60TC43% \< 40°CNagata et al.^10,11^1990, 199717377HMThermotron RF-8 Capacitive8800--1300WB40--50TC40% \< 40°CHamazoe et al.^26^19911717?HMThermotron RF-8 Capacitive8700--1300NR40--50TC47% \< 42°CSeong et al.^14^19948416uHCCThermotron RF-8 Capacitive8600--800SB30TC6.3% \< 40°CUrata et al.^15^199577HMBSD-1000 Phased array60--90NRWB15--30TR0% \< 40°CYamamoto & Tanaka^16^19974526HMThermotron RF-8 Capacitive8500--1100SB50TC65% \< 42°CNoh et al.^12^20143 pigs3NLCelsius TCS Capacitive13.5640--200WB60FO100% \< 40°CNR designates not recorded. Patient numbers (\#Pat) Number of temperatures measured (\#TM) Liver Tissue Type (LTT); MET (Metastatic); Hepatic Malignancies (HM); unresectable HCC (uHCC); Normal Liver (NM); Surface cooling technique (S-cool); Treatment Time (TT, mins), method of thermometry (MTher); Water bolus (WB); Saline bolus (SB); Thermal Couple (TC); Fiber Optic (FO); Thermistor (TR).

In regards to heating efficacy, this study demonstrates that liver hyperthermia is not reliably achieved with the KNiRFH device in swine. In the first series of swine we treated, the rate of RF-induced liver hyperthermia of 41°C was only 50%. In the second series of animals where accuracy of intrahepatic probe placement was assured with an open laparotomy approach, the highest liver temperature reached was no greater than 38.5°C. We attribute this difference to the uncertainty of fiber optic temperature probe placement in the first series in which the probes were placed via a transcutaneous angiocatheter under ultrasound guidance. Subsequent retraction or displacement of the temperature probe during positioning of the animals for KNiRFH treatment, however, likely resulted in unintended movement of the probes out of the tissue of interest. Furthermore, because the probes are not echogenic under ultrasound, their precise position in the liver could not be confirmed in the first series of animals. This set of problems could account for the heterogeneity in liver temperature measurements from the first series. It is clear that proper positioning and confirmation of thermal probes is essential.

We found that liver heating was limited by undesirable heating of subcutaneous fat tissue ([Figure 2](#fig2){ref-type="fig"}), which was approximately 3--4 cm thick in the animals used in these experiments. This finding is consistent with prior reports in the literature, in which it has been asserted that deep organ hyperthermia with capacitive RF devices is feasible only in lean patients. Our inability to generate adequate liver hyperthermia is not unusual, as numerous other studies have documented difficulty in heating the liver with RF energy. A compilation of studies investigating the use of NiRFH on liver and liver tumors is shown in [Table 1](#table1){ref-type="table"} [@ref9]--[@ref10][@ref11][@ref12][@ref13][@ref14][@ref15][@ref16], [@ref29]--[@ref30][@ref31]. Most studies reported an inability to generate hyperthermia of greater than 40°C in 40% to 100% of patients in which thermometry was performed. In a study by Seong *et al.* hyperthermia was successful in 93.7% of cases in which thermometry was performed, however, thermometry was only performed on 19% of patients undergoing NiRFH [@ref14]. Clearly, selection bias cannot be ruled out and this data is inadequate to support certainty of liver heating and for regulatory organization-required approval of a medical device that operates with a high degree of precision with reproducible results in all patients. Furthermore, invasive thermocouples and thermistors may be sources of significant measurement error as they contain metallic leads and wires, which can not only perturb electromagnetic fields around the probe, but also induce currents within the wires leading to inaccurate registered temperature values [@ref25].

The calculated SAR between fat and other abdominal organs corroborates the limitation in obtaining liver hyperthermia via KNiRFH applications because of fat overheating. Based on our measurements of tissue permittivity, the SAR of subcutaneous fat is 6.6-fold greater than that of the liver at 13.56 MHz. The increased vascularity and high blood flow rate of liver tissue compared to subcutaneous fat also serves as a heat sink, making liver tissue more difficult to heat. Thus, a capacitive 13.56 MHz RF device does not appear capable of generating therapeutically relevant and reproducible liver or other deep tissue hyperthermia. Increasing the operating frequency permits the focusing of electric fields due to its shorter wavelength at the cost of decreased tissue penetration. From the standpoint of tissue SAR, our measurements show that increasing the electric field frequency would have no benefit, since the SAR of subcutaneous fat consistently remains approximately six-fold greater than that of liver from 10 MHz to 3 GHz.

Attaining reliable external RF field-induced hyperthermia of the liver continues to be a challenge. Furthermore, we have not even addressed in our animal study the heterogeneity in human populations related both to obesity rates and differences in bioelectrical properties of the liver [@ref32], [@ref33]. Individual humans vary greatly in their body mass index and in the amount and thickness of subcutaneous adipose tissue. The inability to overcome the high SAR of fatty tissue using shortwave RF field devices will be problematic in a significant proportion of humans with even mild to moderate, much less morbid obesity. Achieving dependable deep tissue hyperthermia to treat malignant disease in the liver, pancreas, gastrointestinal organs, retroperitoneal organs, or pelvic organs will be thwarted by deposition of the RF field energy in adipose tissue. For the liver specifically, the electrical properties of malignant liver tumors and of the liver itself can vary greatly depending on the type of tumor and the quality of the liver, i.e. normal liver versus steatotic versus cirrhotic liver [@ref33]. Our animals were all healthy, relatively lean pigs with normal livers and we were not able to produce RF-induced liver hyperthermia adequately or repeatedly.

Clinically, NiRFH has been prescribed by calculating or estimating the "thermal dose," defined by the cumulative equivalence minutes at 43°C (CEM43), which originates from the Arrhenius relationship based on a threshold temperature of 43°C [@ref34]--[@ref35][@ref36]. It is clear that accurate, real-time tissue thermometry is an essential therapeutic parameter if reliable electromagnetic hyperthermia devices are to be used routinely as part of cancer treatment. However, in many clinical studies patients have been treated with NiRFH without tissue thermometry ([Table 1](#table1){ref-type="table"}), thus it is impossible to determine what thermal dose was delivered to tumors in these patients treated with no or inadequate tumor and normal tissue temperature monitoring. Invasive thermometry can be particularly challenging with regards to hepatocellular carcinoma as this disease commonly arises in the setting of existing viral or alcoholic cirrhosis, which leads to problematic comorbidities such as bleeding diatheses and ascites [@ref14]. Serious complications such as pneumothorax, hemorrhage, or bowel injury are possible using invasive thermal probes, and while unlikely to happen in a single instance of probe placement, would cumulatively become a significant risk when multiple probes are invasively placed over many treatment cycles in numerous patients.

Improved thermometric techniques are needed to characterize thermal dose delivered to target tissues accurately and to establish reproducible clinical protocols. The ideal method would be able to provide a real-time three-dimensional thermal map of all relevant body tissues during hyperthermia treatment. The technique of magnetic resonance (MR) thermometry utilizing the proton resonance frequency shift method may eventually meet the above criteria and integration with NiRFH devices in a hybrid system has been investigated to some extent [@ref37]--[@ref38][@ref39][@ref40]. Currently, problems with spatial resolution due to respiration and body movement limit this technology from adequately resolving the concerns regarding use of RF electromagnetic field therapy to produce tumor tissue hyperthermia sufficient to provide therapeutic benefit while avoiding injury or toxicity related to heating of normal tissues or structures. Successful application of non-invasive, accurate real-time thermography techniques has the potential to minimize injuries by detecting internal body hot spots and improve understanding of energy/heat distribution leading to device and protocol optimization.

Ultimately, increasing the relevancy of RF electromagnetic field-induced tumor hyperthermia as a therapeutic modality for cancer will require improved modeling and individual patient treatment planning to overcome the very real problem of the high SAR, and resultant rapid heating, of adipose tissue when applying many otherwise clinically useful RF range frequencies.

With proper thermal monitoring of tissues, RF energy can be safely applied repeatedly to pigs without injuries observable in behavioral, serum/blood, and MRI analyses. Generating adequate liver hyperthermia, however, continues to be a challenge as our KNiRFH device was unable to heat the liver above 38.5°C in swine. Problematic heating of subcutaneous tissue remains the limiting factor. This experimental finding was corroborated by tissue permittivity measurements and analysis of SAR comparing subcutaneous fat and liver tissues across a range of radiofrequencies.

For KNiRFH to undergo rigorous clinical trial affirmation of improved treatment response when used with cytotoxic, biologic, or immunotherapeutic agents; with ionizing radiation; or with novel cancer-specific targeting approaches to enhance intracellular hyperthermia in cancer cells, the critical concerns that must be addressed include abrogation of heating in subcutaneous and other adipose tissue, development of accurate real-time non-invasive thermography techniques, improved biophysical understanding of the interactions between electromagnetic fields and malignant and normal tissues, and development of timely planning modules to customize treatment schema based on specific patient cancer type and body habitus.
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